Increased yields with conservation tillage have been attributed to the conservation of soil water (Rao and Sustainable cropping systems are essential for agronomic, eco- Dao, 1996; Papendick and Miller, 1977) 
yields under conservation tillage systems were reduced kg ha Ϫ1 ) for the moldboard plow than for the subsurface sweep in all by an average of 565 kg ha Ϫ1 compared with conventime periods. Yield was generally greater (Ͼ100 kg ha Ϫ1 ) for the tional tillage methods. In a long-term tillage trial in moldboard plow than for the offset disk, but only significantly in Time eastern Oregon, Schillinger and Bolton (1992) found Periods 3 and 4. For Periods 1 and 2, the addition of N fertilizer that greater quantities of surface residue in the stubbletended to produce higher yields, regardless of quantity or distribution mulch treatment contributed to reduced wheat germinaof rainfall. For Period 3, yield did not increase with the addition of more than 45 kg N ha Ϫ1 , which we attribute to below-normal tion and stand establishment because of poor seed-soil precipitation. For Period 4, when precipitation was above average, contact and less uniform seedbed conditions compared yield increased with the addition of up to 90 kg N ha Ϫ1 . Results with plow tillage. As insufficient seed zone moisture is demonstrated that despite beneficial effects on soil properties, consera major limitation in the establishment of fall-sown vation tillage has tended to be less productive for this cropping system wheat in the semiarid PNW, small decreases in seed than moldboard plowing, probably due to lack of downy brome weed zone moisture can decrease yield (Schillinger and Bol- control in the conservation tillage systems. ton, 1992) . Other reasons cited for lower yields under reduced tillage systems include cooler, wetter soil conditions (Gauer et al., 1982; Papendick and Miller, 1977) , T he inland Pacific Northwest (PNW) has some of unfavorable interaction between soil physical properties the highest soil erosion rates in the USA (Young et and conservation systems (Cosper, 1983 (Cosper, ), phytotoxicity al., 1994b . Residue maintained by conservation tillage from previous crop residues (Kimber, 1973; Cochran et systems reduces erosion but, historically, most farmers al., 1977) , soil pathogens (Cook, 1980 ; Elliott and Lynch, have been wary of adopting such systems due to such 1984), and increased grassy weeds (Papendick and perceived drawbacks as poor weed control (Bolton, Miller, 1977) . 1983), inadequate planting equipment (Logan et al., One difficulty in interpreting apparently conflicting 1987), and lower crop yield (Cosper, 1983) . The develresults on the effect of conservation tillage systems on opment of new farming equipment and chemicals since crop yield is that many studies have drawn conclusions the 1980s have increased the probability of obtaining based on only a few years' data. Longer-term studies crop yields similar to those of conventional, clean-tillage that include a wider range of weather conditions can systems (Logan et al., 1987) , and of lowering input costs.
provide data to draw more general conclusions on the However, there are conflicting results on yield response advantages and disadvantages of tillage systems. Longof winter wheat to reduced tillage systems in the PNW.
term studies provide perhaps the only way to determine For example, Chastain and Ward (1992) found that whether agricultural practices will sustain or degrade growth, development, and yield of wheat were not afthe productive capability of the soil and allow insight fected by crop residue maintained at the soil surface with into larger trends in crop production. conservation systems, although test weight was reduced.
Historically, few if any technologies have increased winter wheat yield more than N fertilization. However, recommending optimum N rates is not an exact science, Siddoway, 1977; Christensen et al., 1994; Lamb et al., of 2%. 1985; Rasmussen and Rohde, 1988) , yield and its relaPrimary tillage operations (plow, disk, and sweep) were tion to experimental treatments and other environmenperformed in late March on stubble left undisturbed since the tal variables, e.g., rainfall and soil depth, have not.
previous harvest. All plots were subsequently smoothed to a depth of 10 to 15 cm deep with a field cultivator and harrow
The objective of this study was to use yield data from and rod-weeded four to five times between April and October this experiment to evaluate the long-term effects of tillto control weeds and to reduce soil moisture loss. Nitrogen age, N, soil depth, and precipitation on yield in a winter fertilizer was normally applied around 1 October, and winter wheat-summer fallow rotation.
wheat seeded around 10 October with a semideep furrow drill. Medium-tall soft white winter wheat was grown from 1940 to
MATERIALS AND METHODS
1962, and semidwarf soft white winter wheat varieties since.
Grain yield was determined for 27 of 29 crops grown in
Field Design
alternate years during the 1941 to 1997 period. Due to a lack of scientific personnel at the station during the Great DepresThis experiment was conducted at the Columbia Basin Agsion and World War II, data collected for 1941 and 1943 ricultural Research Center (45Њ35Ј45″ N, 118Њ31Ј02″ W) near were considered unreliable and were excluded from this study. Pendleton, OR. The climate is characterized by cool, moist Grain yield was determined by harvesting a 2.1 by 40 m swath winters and hot, dry summers. The mean annual precipitation with a self-propelled combine. is approximately 420 mm, of which 70% is generally received
The experimental design has remained relatively unaltered between 1 September and 11 April. The soil is classified as since inception, but the fertility treatments, timing, and tillage Walla Walla silt loam (coarse-silty, mixed, mesic Typic Haploxeroll).
depth have been modified four times to maintain relevance to contemporary agriculture. Therefore, the data was divided soil depth ϫ annual precipitation was used as a covariate into four time periods, described below, in which treatments within the four time periods to test for interactive effects of remained consistent. History of N fertilization, tillage depth, these two variables on yield. Statistical models were evaluated and timing of N application are summarized in Table 1 . Precipusing SYSTAT's GLM module (SYSTAT, 1996) . itation averages for the time periods are given in Table 2 .
RESULTS

Period 1 (1944-1951) Tillage
Four of the six subplots received N in the form of ammonium sulfate at a rate of 11 kg N ha Ϫ1 . Although this is a very
The significance of tillage, N fertilizer, and their interlow rate by modern standards, at the time many felt that action on winter wheat yield is summarized in Table 3. the use of N in dryland wheat systems would depress yield There was no interactive effect between tillage and N (McGregor, 1982) . The N was applied to two of these plots for any year except 1997. When 1997 data were comat seeding and to the other two plots at plowing. The last two bined with those from other years in Period 4, there subplots received no N fertilizer. Two of the fertilized plots was no interactive effect.
(one treated at seeding and the other at plowing), and one of Tillage had a significant effect in each time period the unfertilized plots, were tilled to a depth of 13 cm. The other (Fig. 1) . In all four periods, the moldboard plow treatthree plots were tilled to a depth of 20 cm. also been reported by Cochran et al. (1977) , Papendick and Miller (1977) , and Payne et al. (2000) . In the present
In 1953, the rate of ammonium sulfate was increased from 11 to 34 kg N ha Ϫ1 . The tillage methods and depths, and the study, yield reduction was probably due largely to poor Nitrogen been well documented (Young et al., 1994 a,b) . SimiFertilizer application affected wheat grain yield for larly, Bond et al. (1971) found that a stubble-mulch 19 of the 27 yr of the study (Table 3) . When annual grain tillage system increased weed populations by two to yield data were pooled within the four time periods, three times compared with moldboard plowing, and fertilizer was a statistically significant variable for all Fenster et al. (1969) found that downy brome control periods but the first (1944) (1945) (1946) (1947) (1948) (1949) (1950) (1951) , when the maximum with stubble-mulch tillage systems was not as consistent N rate was only 11 kg N ha
Ϫ1
. Even at this low N rate, as with a one-way disk or moldboard plow.
however, there was a tendency for yield to increase It is also possible that lower yields were in part due compared with the unfertilized treatment (Fig. 2a) . For to decreased N mineralization associated with conservation tillage (McCalla and Army, 1961; Winterlin et al., 1958; Harris, 1963) . Lamb et al. (1985) found that soils of a stubble-mulch tillage system accumulated only about 70% as much NO 3 -N as plowed soils at two sites, and Harris (1963) found soil NO 3 -N accumulations to be depressed under stubble-mulch tillage at seeding time in the Great Plains. Payne et al. (2000) reported that wheat grain N content was significantly reduced in conservation tillage treatments in a wheat-dry pea rotation experiment, suggesting possibly reduced N mineralization. Reduced mineralization may be caused by increased N immobilization associated with higher residue systems (Cochran et al., 1980; Doran, 1980) . However, the lack of a tillage ϫ N interaction in this study suggests that greater N immobilization was not a factor in grain yield reduction with conservation tillage. Furthermore, this was unlikely, as the 135 and 180 kg N ha Ϫ1 rates should have provided sufficient N to eliminate any N deficiency and alleviate yield differences between tillage treatments.
Yields with the moldboard plow system were significantly higher than with the offset disk tillage treatment in Periods 3 (1962 Periods 3 ( -1987 Periods 3 ( ) and 4 (1988 Periods 3 ( -1997 . The same trend was evident for mean yield in Periods 1 (1944-1951) and 2 (1952-1963) , but differences were not statistically significant (Fig. 1) . Mean yields tended to be higher, although only significantly in Period 2, for plots tilled with the offset disk than for plots tilled with the subsurface sweep, except in Period 4. In this last period, this trend reversed, and mean yield with the subsurface sweep was approximately 200 kg ha Ϫ1 greater than with the offset disk. This may be due to improved chemical herbicides, which provide greater control of downy brome than was possible during Period 3. 
Precipitation
Total precipitation was a significant (p Ͻ 0.01) covariate for all time periods except Period 4 (1988 Period 4 ( -1997 (Table 4 ). Growing season (1 April-30 June) and winter precipitation (1 October-31 March) were significant (p Ͻ 0.01) covariates for all time periods except Period 1 (1944) (1945) (1946) (1947) (1948) (1949) (1950) (1951) (Table 4) . Grain yield was positively correlated with annual precipitation (Fig. 4a) and with the 9-mo growing season precipitation (1 October-30 June) (Fig. 4b) , as expected under dryland conditions. Similar correlations were seen for growing season and winter There was a significant (p Ͻ 0.01) interaction between Period 2 (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) , grain yield increased significantly the covariates soil depth and annual precipitation in all with the addition of 34 kg N ha Ϫ1 (Fig. 2b) . but the fourth time period (Table 5 ) when growing seaFor Period 3 (1962-1987) , grain yield did not signifison (1 April-30 June) precipitation was the highest cantly increase with the addition of more than 45 kg ( Table 2 ). The nature of this interaction is illustrated N ha. Insignificant yield differences between fertility in Fig. 5 . In very dry years (Ͻ300 mm), yield was approxSubplot 1 and 2 (which received 45 kg N ha Ϫ1 ) and imately 1000 kg ha Ϫ1 greater in relatively deep soils Subplots 3 and 4 (which received 90 kg N ha Ϫ1 ) could (Ͼ2.8 m) compared with shallow soils (Ͻ1.3 m). Howbe attributed to the use of ammonium sulfate fertilizer ever, as precipitation increased to approximately 400 mm during Periods 1 and 2. A residual sulfur or N response or more, the effect of soil depth diminished. Similarly, may be responsible for slightly higher yields for Plots 2 Rasmussen (1991) concluded that wheat yield was not and 4 (Table 1, Fig. 2c ). Maximum mean yield was affected by soil depth when growing season precipitaobtained at an application rate of 135 kg N ha Ϫ1 (Fig. 2c) .
tion was above average, but was 10 to 20% less in shalFor Period 4 (1988 Period 4 ( -1997 , average grain yield inlow soils when growing season precipitation was below creased with the addition of 45 and 90 kg N ha Ϫ1 average. Shallow soils store less water and thus have (Fig. 2d) . There was no significant yield increases at a lower yield capability than deep soils in dry years greater rates of N. While yields were not significantly (Rasmussen et al., 1989) . Rasmussen (1981) found that different between 90 and 135 kg N ha Ϫ1 , maximum mean a 210 cm deep soil produced a maximum yield of 5034 kg ha Ϫ1 , while a nearby 110 cm deep soil reached a yield was obtained at an application rate of 135 kg N maximum yield of only 4026 kg ha
Ϫ1
. ha
.
When precipitation was Ͼ500 mm, yield decreased Data in Fig. 3 can be used to accommodate Rasmusby approximately 1500 kg ha Ϫ1 , regardless of soil depth sen 's (1996) recommendation that N rates are best done (Fig. 5) . The decrease in yield was potentially due to with yield records over a period of time that includes a disease, lodging, or N fertilizer leaching. range of weather conditions. Despite the wide-range of time that is encompassed in Periods 3 and 4 (1962-1997), Yield Evolution N response is relatively conservative. Equations fitted to the data in Fig. 3 could be of potential use for long- Figure 6 shows the 5-yr moving average of winter term economic analyses, at least for Pendleton conwheat yield from 1945 to 1997. Wheat yield has improved since the 1940s with the introduction of new ditions. Finally, even without the low 1997 yield caused by poor rainfall, data since 1980 in Fig. 6 serve to illustrate that the rate of yield increase, and therefore our ability to keep pace with rising global demand for wheat (Brown, 1995; Reynolds et al., 1996) has fallen considerably since the period 1960-1980. been minimal adoption of this practice in eastern Oregon and other parts of the Columbia Basin, despite welltechnology (Fig. 6) . Yield increase was minimal at first, and became more rapid soon after 1960 due primarily documented beneficial effects of such systems on soil properties. For example, Rasmussen et al. (1989) found to the introduction of semidwarf varieties that were responsive to increasing rates of fertilizer application.
that after 50 yr of stubble-mulch tillage, soils in eastern Oregon had 33% more soil organic matter (SOM) in the The new semidwarf varieties also matured earlier, and therefore were less susceptible to drought. top 7.5 cm than those that were conventionally plowed. Similarly, Rasmussen and Rohde (1988) found that orBecause higher yields require larger quantities of nutrients from the soil, the low moving averages in Fig. 6 ganic N and C in the top 75 mm of soil were 26 and 32% higher, respectively, in two stubble-mulch systems also illustrates the limited yield increase that improved varieties would attain without N addition, and supports than in conventional plow tillage. We believe the main reason for yield decrease under the conclusion of Ridley and Hedlin (1980) that increased use of N fertilizer has had the most dramatic conservation tillage, in our experiment, was inadequate weed control. Similarly, after examining 80 yr of data influence on increasing crop yields since the 1950s, in combination with disease resistant varieties to a lesser at Lethbridge, AB, Freyman et al. (1982) suggested the main factor contributing to increased wheat yield since effect. 
